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Renal microcirculation and tissue damage during acute ureteral ob-
struction in the rat: Effect of saline infusion, indomethacin and radiocon-
trast. Radiocontrast agents and nonsteroidal anti-inflammatory drugs
(NSAIDs) are commonly used for the diagnosis and treatment of renal
colic. We studied their impact during unilateral acute urinary outflow
obstruction upon renal microcirculation and parenchymal integrity. Laser-
Doppler and ultrasonic regional flow measurements demonstrated selec-
tive decline of outer medullary blood flow by 23 2% during an acute
increase of intra-pelvic pressure to 50 to 55 cm H2O (N = 28, X SEM,
P < 0.01). In rats preconditioned with indomethacin, this manipulation
reduced medullary blood flow by 50 4% (N = 16, P < 0.01 vs.
obstruction alone), with cortical and total renal blood flow declining by
18 4% and 16 2%, respectively (P < 0.01). Unilateral obstruction
alone for 24 hours in intact rats resulted in injury (hemorrhage and
necrosis) to the papilla and fornix (formed laterally by inner stripe and
medially by the inner medulla). These changes were detected as early as 30
minutes after urcteral ligature by staining for fragmented nuclear DNA
(TUNEL). Mild damage of thick ascending limbs (mTALs) was associated
with substantial medial fornix injury. Indomethacin markedly increased
mTAL injury in obstructed kidneys, hut attenuated inner medullary
damage, both in the medial border of the urinary space and at the papilla.
This latter protective effect, probably mediated by the decrease in
intrapelvic pressure, was bluntcd by concomitant intravenous fluid load.
Contrast media (iothalamate) and L-NAME (N nitro-L-arginine methyl
ester) both augmented inner stripe and inner medullary damage in
hydronephrotic kidneys. In rats concomitantly subjected to radiocontrast,
indomethacin and L-NAME (an acute renal failure protocol, J C/in Invest
94:1069, 1994), unilateral obstruction augmented inner stripe hypoxic
damage (65 6% vs. 24 11% of mTALs in contralateral kidneys, N =
7, P < 0.01). Injury was maximal at the fornix (93 6% vs. 39 14% of
mTA[.s in the mid-inner stripe, P < 0.01) and extended to the outer stripe
and medullary rays. Thus, in the rat acute ureteral obstruction alters
medullary blood flow and within 24 hours produces medullary damage in
both forniccal and inner medullary locations, that is exacerbated by
concomitant measures which limit medullaiy oxygenation. Contrast stud-
ies, forced hydration and NSAIDs for renal colic are potentially harmful
and their use should be re-evaluated.
Renal colic is a common clinical problem in emergency services,
in particular in temperate zones, where inadequate fluid intake is
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associated with increased incidence of nephrolithiasis [1]. Non-
steroidal anti-inflammatory drugs (NSAIDs) have been recom-
mended as the first therapeutic option for pain relief, with
excellent results [2—7]. Their mechanism of action probably in-
volves a reduction of urine formation and smooth muscle relax-
ation along the urinary tract [8, 9].
Low regional tissue P°2 renders the outer medulla susceptible
to hypoxic injury. This may happen when local blood flow declines
or while regional oxygen consumption increases. Variations of the
latter largely depends upon solute reabsorption by thick ascending
limbs of Henle's loops (mTALs) [10]. Local synthesis of prosta-
glandins, in particular PGE2, is important for the maintenance of
outer medullary oxygen sufficiency, since it enhances regional
blood flow [11, 12] and inhibits Na,K-ATPase activity in mTALs
[13]. Inhibition of prostaglandin synthesis markedly and selec-
tively reduces outer medullary blood flow [11] and intensifies
regional hypoxia [14] and hypoxic injury both in vitro [15] and in
vivo [14, 16]. Radiocontrast agents, occasionally used for imaging
procedures during renal colic, may further compromise outer
medullary oxygen balance [14, 17].
It has been suggested that acute ureteral obstruction, by
compromising medullary blood flow [18—20], may induce medul-
lary damage [19]. We hypothesized that medullary microcircula-
tion may be especially susceptible to an increase in intrapelvic
pressure, and that NSAIDs and radiocontrast agents could further
aggravate medullary hypoxia and damage in obstructed kidneys.
In the present work we appraised the consequence of acute rise in
renal pelvic pressure and indomethacin treatment upon renal
microcirculation in anesthetized rats, using a laser-Doppler tech-
nique [21], and evaluated tissue destructive effects of indometh-
acm and lothalamate upon medullary structures in acutely hydro-
nephrotic kidneys.
Methods
Indomethacin and N'° nitro-L-arginine methyl ester HCI (L-
NAME), purchased from Sigma Chemical Co. (St. Louis, MO,
USA), were dissolved in phosphate buffer (pH 7.4) or saline at
final concentrations of 5 and 10 mg/mI, respectively. Sodium
iothalamate, 80% (Angio-Conray; Mallinckrodt Inc., St. Louis,
MO, USA) was kindly provided by Baxter Co. (Round Lake, IL,
USA). Studies were performed in Sprague-Dawley male rats (240
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to 550 gram weight), and conducted in conformity with the
Guiding Principles in the Care and Use of Animals.
Renal microcirculatoiy changes induced by uromechanic
manipulations
General. Rats were anesthetized with mactin (BYK Gulden,
Konstanz, Germany; 100 mg/kg body wt). Tracheotomy was done
and the femoral vein and artery were cannulated with PE5O
catheters (Clay-Adams, Parsippany, NJ, USA), for drug adminis-
tration and for the monitoring of blood pressure. Another poly-
ethylene tube was inserted into the right external jugular vein for
intravenous hydration. Saline supplemented with 4% bovine-
serum albumin was infused at a rate of 0.08 to 0.16 ml/min. Mean
blood pressure was recorded with the use of a calibrated pressure
transducer and monitor (Hewlett-Packard Inc., Sunnyvale, CA,
USA), connected to the femoral arterial line.
The left kidney was exposed by a mid-abdominal incision and
mechanically fixed. The left ureter was cannulated by a 4.5 cm
PE1O catheter (Clay-Adams), its tip placed within the uretero-
pelvic junction. The distal free end of the catheter was inserted
into a 120 cm-long PE5O tube, and the connection sealed with
Histoaciyl (B. Braun, Melsungen, Germany). Urine flow rates
were periodically determined. The temperature of the kidney was
monitored by a needle copper probe, connected to a type T
thermocouple (Omega Engineering, Stamford, CT, USA) and
kept at 38°C with a heating lamp and dripping warm saline and
mineral oil. Rectal temperature was kept at 36.5 to 38°C.
Flow measurements. Renal blood flow was monitored by a
perivascular transonic ultrasonic volume flow sensor (T-106;
Transonic Systems Inc., Ithaca, NY, USA), with the probe
mounted on the left renal artery.
Regional blood flows were measured by laser-Doppler probes
connected to flowmeters (models PF2B and PF3; Perimed, Stock-
holm, Sweden). This technique (which determines red blood cell
flux per tissue sample volume) has potential flaws that may result
from changes in tissue density or from the detection of blood
currents with different velocities moving in different directions
within the complex renal microcirculation. However, in light of
the substantial limitations of all other techniques [22], the laser
Doppler method has been considered particularly advantageous
in the measurement of medullary microcirculation [21]. As previ-
ously reported [11, 12], a superficial probe (1 mm diameter)
monitored cortical blood flow, while a needle probe (0.45 mm
diameter) was inserted at a depth of 5 to 6 mm for the determi-
nation of changes in outer medullary blood flow. Its proper
placement within the outer medulla was confirmed at the conclu-
sion of the experiment.
Experimental design. Increased pressure within the left urinary
collecting system was transiently induced over 10 minute intervals
by the elevation of the distal free tip of the urinary drainage
system to 50 to 55 cm above kidney level. Mean blood pressure,
total renal, cortical and medullary blood flows were continuously
recorded before (baseline), during and following the transient
elevation of pressure within the collecting system. Experiments
were initiated after 30 minutes of stabilization and baseline
recordings. Since alterations in renal microcirculation during high
pressure periods were transient and reversible, experiments were
performed repeatedly, with recovery periods of 15 minutes be-
tween them, as long as the rats were hemodynamically stable.
To evaluate the effect of NSAIDs alone or in combination with
uromechanical interference upon renal hemodynamics, rats were
preconditioned with indomethacin. After several initial experi-
ments in the intact rat, indomethacin (5 mg/kg) was administered
intravenously, and experiments were repeated following stabiliza-
tion of blood pressure and renal hemodynamics (usually 10 to 15
mm after indomethacin injection). Additional studies were car-
ried out in the same fashion following inhibition of nitrovasodi-
lation by L-NAME (10 mg/kg).
To identify or to exclude systemic neurohumoral stimuli that
influence renal hemodynamic response to increased uromechanic
pressure, in a few experiments microvascular changes were mon-
itored at the left kidney, while uromechanic manipulations were
performed in the contralateral (right) kidney.
Analyzing process. On-line recordings of hemodynamic studies
were stored, displayed and analyzed with the use of a computer-
ized system (MacLab/8; Analog Digital Instruments, Pty LTD,
Castle Hill, NSW, Australia). Mean values for each determinant
were analyzed over one minute periods. All values are expressed
as the percentage of baseline measurements.
Since the polyethylene tubing itself could increase intrapelvic
pressure, in particular by the short segment of PE1O tube during
enhanced urine flow rates, we studied pressure buildup in a
mechanical mock-up of the system. Pressure rose linearly by 15
mm Hg as water flow rates increased from 0.5 to 5 mI/hr. As urine
production, monitored during the experiments was fairly stable, at
the range of 3 to 4 ml/hr, its impact upon intrarenal pressure (3 to
7.5 mm Hg) was considered negligible.
Effect of ureteral obstruction on medullaiy hypoxic injury
To explore the effects of acute urinary outflow obstruction with
or without NSAIDs, intravenous fluids or radiocontrast agents on
renal morphology, experiments were carried out imitating the
clinical setup of treated renal colic. Rats anesthetized with
pentobarbital (50 mg/kg) underwent cannulation of a femoral vein
with a PE5O polyethylene tube. Ligature of one ureter was
performed about 1 cm below the uretero-pelvic junction through
a mid-abdominal incision and the abdominal cavity was closed.
The animals were randomized to receive the following intrave-
nous treatments immediately following the surgical procedure(N = 7 for each experimental group): (A) CTR, buffer phosphate
(2 mI/kg); (B) INDO, indomethacin (10 mg/kg); (C) INDO+NS,
indomethacin (10 mg/kg) followed by intravenous saline load (3 to
3.5 ml/100 g over 1 hr); (D) CM, sodium iothalamate (6 mi/kg);
(E) L-NAME, the nitric oxide synthase inhibitor, N'" nitro-L-
arginine methyl ester (10 mg/kg).
The rats, water deprived, were allowed to recover in metabolic
cages. Twenty-four hours later they were anesthetized with mac-
tin, and both kidneys were perfusion-fixed through the abdominal
aorta with 1.25% glutaraldehyde (Eastman Kodak, Rochester,
NY, USA) in 0.1 M phosphate buffer (pH 7.4) for morphologic
evaluation [14, 16].
To evaluate the impact of acute ureteral obstruction upon
medullaiy susceptibility to hypoxic injury, a rat model of acute
renal failure with outer medullary hypoxic injury from combined
insults was selected (ARF protocol) [12]. The inclusion of radio-
contrast agent and NSAIDs in this model may have particular
clinical relevance to diagnostic and management processes of
renal colic: Seven intact rats, anesthetized with ketamine (Parke-
Davis, Gwent, UK; 100 mg/kg) underwent cannulation of a
femoral vein and artery with PESO polyethylene tubes, and
ligature of one ureter through mid-abdominal incision. Indometh-
acm (10 mg/kg) was injected intravenously, successively followed
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10 and 15 minutes later by L-NAME (10 mg/kg i.v.) and sodium
iothalamate (6 mi/kg through the arterial cannula), respectively.
The rats were allowed to recover in metabolic cages, and were
sacrificed 24 hours later for renal morphologic evaluation as
detailed above.
Morphologic evaluation
The kidneys were postfixed in buffered 2% 0504, dehydrated,
and embedded in an araldite-EM bed 812 mixture. Large sections,
were cut, perpendicular to the renal capsule, containing cortex
and medulla, including fornix and papillae. One-micron sections,
stained with 1% methylene blue, were analyzed in a blinded
fashion for morphologic alterations. As previously detailed [15,
161, in the inner stripe of the outer medulla, necrotic mTALs were
counted and expressed as the percentage of total tubules counted.
Quantitation of injury was determined separately at three levels:
superficial, adjacent to the outer stripe (zone A); deepest, adja-
cent to the inner medulla (zone C); and intermediate (zone B).
The extent of S3 necrosis at the outer stripe was also determined
and expressed as the percentage of injured tubules out of the total
number evaluated. In medullary rays, S3 damage was semiquan-
titated, using a score of 0 to 3, according to the spread of damage
from the outer stripe outwards.
The extent of papillary damage was calculated as the percent-
age of infarcted papillary area out of the entire papillary saggital
section. This was determined by the measurements of the length
of the necrotic region and that of the entire visualized papilla,
shown in 1 to 2 saggital sections per kidney (and averaging 4.4
0.1 mm, mean suM), and the estimation of relative width of
damaged tissue. Fig. 2. The Jbrnix is an invagination of the urinary space bordered by the
Additional morphometric evaluation was undertaken at the upper portion of the inner medulla (right) and the lateral aspect of the inner
fornix area, which was shown to be especially vulnerable to urinary stripe (left) (X95).
outflow obstruction [18]. The fornix (Figs. 1 and 2) is an extension
of the urinary space, bordered laterally by the inner stripe
(including secondary pyramids), and medially by the inner mcd- Inner medullary damage at that region was expressed as the extent
ullary lateral aspect of the papilla [23]. In both regions, the depth of necrosis (in millimeters). Lateral inner stripe necrosis was
of necrotic tissue, extending from the urinary space was measured. expressed semiquantitatively, since occasionally it was confluent
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(infarctive), using a 0 to 4 score (the higher value reflecting
extensive infarct ranging beyond 2 mm from the urinary space).
Since damage in this region was often unevenly distributed (due,
in part, to variations in secondary pyramid representation), mea-
surements were avaraged from 3 to 5 cross sections.
Using the dissecting microscope, tissue from six animals show-
ing varying degrees of medullaiy injury and three controls were
sampled and processed for electron microscopic examination (a
total of 40 blocks, 12 of which were studied).
DNA fragmentation following urinary tract obstruction
Recently, DNA fragmentation has been shown to herald early
hypoxic injury at the outer medulla, both in vitro and in vivo [24].
Looking for a sensitive marker of early cell damage, in particular
at medullary structures, we applied a histochemical assay
(TUNEL) for the detection of rapid DNA fragmentation to
acutely obstructed kidneys [251. Rats were sacrificed 30 minutes, 2
and 24 hours following ureteral ligature (N = 4 for each group).
As previously detailed [24, 25], kidneys were abruptly removed
and fixed en-block in buffered formaldehyde. After deparaffiniza-
tion and hydration, tissue slices on slides were quenched with
H202 in methanol. To strip the nuclear proteins, the tissue was
treated with Tris-HC1 and then incubated with proteinase K (20
sg/ml) for 15 minutes and washed. DNA fragments were elon-
gated and labeled with biotinylated poly-dUTP, introduced by
terminal deoxynucleotidyl transferase. Finally, bound biotin was
stained by avidine-conjugated peroxidase, developed with nickel-
enhanced diaminobenzidine, and couriterstained with methylene
blue for morphologic orientation. Contralateral, nonobstructed
kidneys and kidneys perfused ex-vivo with erythrocyte-free me-
dium served as negative and positive controls, respectively. The
amount of cells stained for DNA fragmentation was semiquanti-
tatively assessed in a blinded fashion by two observers at the
cortex, mid-inner stripe of the outer medulla, lateral inner stripe
(in the fornix area, including secondary pyramids) inner medulla
(bordering the fornix), and at the papilla. Each scale full point
roughly represents 1% of cells stained for fragmented DNA.
Statistics
One and two-way ANOVAs were applied for repeated flow
measurements within and between groups, with post-hoc compar-
isons (Newman-Keuls test). The Kruskal Wallis nonparametric
test was applied for morphologic evaluation, and the Student's-t-
test was used elsewhere. Values are presented as the means
SEM, with statistical significance set at P < 0.05.
Results
Renal microcirculatoty changes induced by intrapelvic hypertension
As shown in Figure 3, an acute increase in pressure within the
renal pelvis for 10 minutes at the range of 50 to 55 cm H20
resulted in a decline in total renal and medullary blood flow both
in intact rats (Fig. 3A) and in rats pretreated with indomethacin
(Fig. 3B, P < 0.01). Since indomethacin by itself selectively
reduced medullary blood flow by 33%, in concordance with
previous observations [111, the additional intrapelvic hypertension
further lowered medullary flow to 50% of prc-indomcthacin
values. The reduction of medullary blood flow induced by in-
trapelvic hypertension was most remarkable in rats pre-treated by
the nitric oxide synthase inhibitor L-NAME (Fig. 3C) and reached
about 10% of initial baseline values. Cortical flow was not affected
by intrapelvic hypertension in intact rats (Fig. 3A) or in rats
pre-conditioned with L-NAME (Fig. 3C), but fell significantly in
rats pre-treated with indomethacin (Fig. 3B; P < 0.05 and 0.01 vs.
baseline and vs. intact rats, respectively).
Mean blood pressure and renal microcirculation in the con-
tralateral kidney were not influenced by the increase in renal
pelvic pressure.
Medullaiy injury induced by ureteral obstruction
Acute ureteral obstruction for 24 hours in control rats resulted
macroscopically in discrete hemorrhage/congestion, confined to
the fornix area. Microscopic evaluation (Fig. 4) revealed in
addition focal necrosis, affecting 3 2% of mTALs in the B and
C zones combined (Table 1). Frank necrosis was restricted to the
B zone. In the deeper C zone, only less severe mTAL injury
pattern was noted, affecting 6% (range 0 to 23%) of tubules,
characterized by mitochondrial swelling without cell disruption
(previously noted in vitro as part of the injury continuum in
hypoxic outer medullaiy damage [261). Inner stripe damage was
restricted to its lateral aspects, adjacent to the fornix (Fig. 4 A, B).
While unilateral ureter ligature induced only minimal inner stripe
injury over 24 hours, it caused marked papillary damage (Fig. 5),
affecting on the average one third of its cross section.
Administration of indomethacin concomitantly with ureteral
obstruction resulted in expansion of the inner stripe injury, with
necrosis involving about 10% of mTALs, restricted to the lateral
portion of the inner stripe. As opposed to its deleterious effect on
outer medullary integrity, indomethacin attenuated papillary ne-
crosis in obstructed kidneys (11 4% vs. 33 9%, P = 0.05) and
inner medullary damage at the fornix area. Limited papillary
necrosis, however, was noted in contralateral kidneys.
Volume expansion following indomethacin increased medullary
damage in obstructed kidneys. It abolished the protective effect of
indomethacin upon the inner medulla including papilla, and
mTAL necrosis in the deepest C zone of the outer medulla was
significantly enhanced. The injection of iothalamate or L-NAME
also intensified both inner stripe and papillary necrosis of acutely
hydronephrotic kidneys. Focal S3 necrosis was noted as well in
hydronephrotic kidneys subjected to L-NAME. This lesion was
restricted to the innermost level of the outer stripe in association
with adjacent inner stripe injury. Some inner stripe injury was
observed in two out of seven contralateral kidneys following
L-NAME administration; unlike hydronephrotic kidneys this in-
jury was not restricted to the forniceal border.
The administration of the radiocontrast agent iothalamate to
rats pretreated with indomethacin and L-NAME (ARF protocol)
results in acute renal failure with selective outer medullary
hypoxic damage, affecting half of the medullary thick limbs at the
deep inner stripe [12]. When unilateral ureteral ligature was
performed immediately before the pharmacological intervention,
renal function comparably deteriorated over 24 hours, with cre-
atinine rising from 63 5 to 212 40 mol/liter, and creatinine
clearance falling to 0.09 0.03 mI/mm. This experimental group
presented the most extensive renal damage. Macroscopically, far
ranging hemorrhage was noted in the hydronephrotic kidneys,
extending from the fornix to the mid-outer medulla, and along the
lateral side of the papilla to the papillary tip. In the contralateral
kidneys congestion/hemorrhage was relatively mild, confined only
a)
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0
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to the outer medulla. Microscopically, extensive medullary dam-
age was noted in all obstructed kidneys (Fig. 6). The entire fornix
area and secondary pyramids were infarcted, with substantial
congestion and hemorrhage. Both inner medullary tissue and
inner stripe flanking the fornix were affected. The later was
confluent with extensive necrosis at the mid-outer medulla, affect-
ing 68 7% of tubules in the deeper inner stripe. A gradient of
damage was again evident in the inner stripe, decreasing from
93 6% of tubules at the lateral aspect, adjacent to the fornix
(and including secondary pyramids), to 39 14% of tubules at the
mid-inner stripe (P < 0.01, paired t-test). This is in contrast with
a more even distribution of inner stripe injury in contralateral
kidneys, where the percentage of necrotic mTALs was 30 13%
and 23 15% at the lateral and mid-inner stripe, respectively.
Tubular damage further extended from the inner stripe to involve
S3 necrosis in the outer stripe and medullary rays. Inner medul-
lary infarction and hemorrhage was also maximal at the median
aspect of the fornix, and extended from the fornix to the papilla.
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Heyman et al. Acute ureteral obstruction 657
10
5
0
—5
—10
—15
—20
—25
—30
B
0 5 10 15 20 25
Time, minutes
Ureteral obstruction10
5
0
-5
. 10
—15
-20
0)
—25
-co -30
—35
20
C
0 5 10 15 20
Time, minutes
Ureteral obstruction
0
—20
—40
—60
—80
Fig. 3. 1-lemodynamic studies. Effect of
increased hydrostatic pressure within the kidney
pelvis on total renal (0), regional cortical (El)
25 and outer medullaiy (z) blood flows in (A)
non-preconditioned rats (N = 28), and
following (B) indomethacin (5 mg/kg i.v., N =
16) or (C) L-NAME (10 mg/kg, N = 5).
Pressure was increased for 10 minutes to 50 to
55 cm H20. Values presented are percentage
change from baseline measurements [before
uromechanic manipulation but (in B and C)
after indomethacin or L-NAME]. In non-
preconditioned rats, while cortical flow is
maintained, medullaiy flow is predominantly
affected. Following an initial abrupt fall, a
transient amelioration is noted, succeeded by a
gradual further decline. In rats pre-treated with
indomethacin cortical flow also deteriorates
during increased intrapelvic pressure. L-NAME
markedly intensifies medullary hypoperfusion.
In some experiments with the cyclooxygenase
pathway intact, a transient early improvement
in renal microcirculation was noted following
25 urcteral obstruction, both at the cortex and
medulla. Similar rebound overshoots were
transiently noted also with the relief of
pressure.
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Table 1. Renal morphology of kidneys obstructed for 24 hours and their contralateral kidneys
Papillaiy
Treatment
group Kidney
S3 necrosis
in MR score
S3 necrosis
in OS %
mTAL necrosis
in IS %
Lateral IS
score
TM necrosis
mm
necrosis
%
CTR obstructed
contralateral
0
0
0
0
3 2g
OC
1.0 0.5
Oc
0.10 0.05
o
33 9
0d
INDO obstructed
contralateral
0
0
0
0
10 2ag
0d
1.9 0.5
0"
of
0
ii 46 4
INDO+NS obstructed
contralateral
0
0
0
0
14 4"
0"
2.0 0.5
0"
0.04 0.04
0
26 10
0'
L-NAME obstructed
contralateral
0
0
7 2"
0"
15 4tg
3 2"
2.1 05
0"
0.17 0.05
0
55 6
0"
CM obstructed
contralateral
0
0
0
0
14 4ag
0"
1.9 0.5
0"
0.13 0.08
0
61 7"
0"
ARF protocol obstructed
contralateral
1.0 01"
0"
48 6"
13 5"
65 6"
24 11"
4.0 0.0"
0d
0.13 0.08
0
69 7"
0"
In conjunction with ureteral ligation rats were injected with buffer phosphate (CTR), L-NAME, iothalamate (CM) or indomethacin alone (INDO)
or combined with large volume saline infusion (INDO+NS). Another group of animals was subjected to the combination of indomethacin, L-NAME
and iothalamate (ARF protocol). Each experimental group consisted of 7 rats. S3 tubular necrosis in the outer stripe (OS) of the outer medulla, and
necrotic medullaiy thick ascending limbs (mTALs) at the intermediate and innermost layers (B and C zones, combined) of the inner stripe of the Outer
medulla are expressed as the percentage of total tubules counted. S3 damage in medullary rays was semi-quantitatively determined. Additional
measurements are inner stripe (IS) and inner medullar (TM) necrosis at the fornix area, and papillary necrosis (for details see Methods).
aP < 0.05 vs. CTR, Kruskal-Wallis nonparametric test
bp < 0.01 vs. CTR, Kruskal-Wallis nonparametric test
P < 0.05 vs. contralateral kidneys, paired Student's (-test
"P < 0.01 vs. contralateral kidneys, paired Student's (-test
P = 0.05 vs. CTR by nonpaired Student's (-test, onlyP = 0.06 vs. CTR by nonpaired Student's t-test (NS)
g In these obstructed kidneys inner stripe injury was noted almost exclusively at the lateral area, close to the fornix
Inner stripe necrosis in non-obstructed kidneys was not specifically related to the fornix
When compared to control hydronephrotic kidneys, papillary
damage was doubled, with infarction of over two-thirds of the
entire papilla.
Electron microscopic examination confirmed the observations
in one micron plastic sections of hemorrhage, cellular necrosis
and infarction. The mTAL cytoplasmic vacuolization was shown
as in previous reports [15, 26] to represent severe mitochondrial
swelling (Fig. 4C, inset). The fine structural studies emphasized
the pronounced platelet adhesion to denuded vessel walls that was
present in zones of injury (Fig. 5 B, E). These platelets usually
were not degranulated and commonly were unassociated with
fibrin deposition.
Overall, the magnitude of renal parenchymal destruction in
those obstructed kidneys subjected to the ARF protocol substan-
tially exceeded that of the contralateral, non-obstructed ones.
Orientation of damage to fornices was absent in the non-ob-
structed kidneys, the extent of outer medullaiy injury was reduced
by half, and papillae and S3 tubules were intact.
In all experimental groups, outer stripe injury score and inner
medullaiy damage at the fornix area closely followed mTAL
necrosis (quantitated as percentage of tubules) and papillary
necrosis, respectively, but differences between groups generally
fell short of statistical significance.
DNA fragmentation following ureteral ligature
In general, the magnitude and distribution of DNA fragmenta-
tion, determined by the TUNEL technique, resembled the mor-
phologic equivalent (Table 2). The cortex had been consistently
intact, as was the median aspect of the inner stripe, with the
exception of one out of 12 hydronephrotic kidneys. DNA frag-
mentation, however, was prominent in the fornix area and papil-
lary tip. At the outer medulla adjacent to the fornix DNA
fragmentation was detected in 7 out of 8 animals sacrificed 2 and
24 hours after ureteral ligature, in 1 out of 4 animals sacrificed at
30 minutes and in none of the contralateral kidneys. Most of these
cells, probably lining mTALs, were detected within secondary
pyramids. In the papilla few cells, positively stained for DNA
fragmentation were detected in 3 out of 12 contralateral kidneys.
In obstructed kidneys, however, staining at this region was more
prevalent, affecting all kidneys examined 24 hours after ureteral
ligature. The type of inner medullary and papillary cells stained by
the TUNEL technique could not be identified with certainty.
Discussion
Acute intrapelvic hypertension was associated with a selective
reduction in outer medullary blood flow (Fig. 3A). The vulnera-
bility of medullary circulation to increased hydrostatic pressure
Fig. 4. Effect of obstruction at the forniceal region. (A) The forniceal surface is made irregular by projections of the inner stripe called secondary
pyramids. These forniceal projections are especially vulnerable to obstruction-induced injury in conjunction with the measures used in this investigation
to further diminish medullary blood flow. Both this secondary pyramid and the inner niedullary border zone of the fornix are extensively infarcted. In
(B) the inner stripe (right) bordering the fornix (center) shows hemorrhage and congestion, but the medullary thick ascending limbs are better
maintained and show more modest degrees of injury (mitochondrial swelling). In (C) the entire spectrum of hypoxic injury is noted in the inner stripe,
from mTAL necrosis (*) to necrosis with some nuclear maintenance (**) and changes of diffuse vacuolization which represent mitochondrial swelling
(***) (see inset, electron microscopy), X40; x610; X340; x3165.
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Fig. 5. Effect of obstn4ction on the inner medulla. In obstructed kidneys tile inner medulla is severely damaged. In this photograph (A) the inner medulla
on the left is better maintained such that the collecting duet epithelium (*) is noted to be intact. In the more central purtions of the phutograph, the
epithelium is stripped although still partially maintained (t*), and, on the right, the collecting duets have totally lost their lining epithelium (t**). Note
the congestion, and in some capillaries, platelets line the vascular wall (arrows). The latter can be well seen in the electron micrograph (H) where the
platelets are adherent to the denuded endothelial basal lamina. In the low power photograph of papilla apex (C), congestion is noted and collecting duct
epithelium has been totally stripped. (D) The latter is better seen at high power, where again (arrows) platelets line the vascular channels. (E) In the
electron micrograph, capillaries are filled with platelets and the denuded collecting duct basal lamina can be seen in the upper left. The papillary tip
was commonly necrotic on the obstructed side, but occasionally (in the indomethacin-trcated group) apical necrosis was present also in the contralateral
kidney (x330, xlO,Sfltl, x115, x240, x2,lOtJ, A—E, respectively).
probably results from its unique structure. Descending vasa recta, may be an important factor as well. The complete infarction of
emerging from efferent arterioles of deep juxtamedullary secondary pyramids and predominant damage at the papillary tip
nephrons, penetrate the medulla down to the papillary tip and are in agreement with this possibility. Our dynamic studies
supply the intertubular capillary network 1221. This low pressure support previous experiments where visualization of medullary
vascular system may render the medulla susceptible to increases in vasculature with colloidal carbon or silicon rubber demonstrated
interstitial hydrostatic pressure. The conical structure of the regional vascular compression or obliteration [18].
medulla, allowing more focused pressure transmission at its tip Systemic neuro-humoral stimuli do not explain the observed
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Fig. 6. Gradient of damage across the outer medulla in obstructed kidney. An animal subjected to the acute renal failure (ARF) model (radiocontrast,
indomethacin and L-NAME). In this obstructed kidney the lateral aspect of the inner stripe bordering the fornix (on the far left) shows extensive
infarction (left), while mTAL injury is more limited centrally (right), X135. This pattern of damage gradient is absent in the contralateral kidney.
Table 2. Semiquantitative determination of nuclear DNA fragmentation in kidneys subjected to unilateral ureteral ligation
and in contralateral kidneys
Time from Outer medulla Inner medulla
procedure Kidney (forni.x area) (fornix area) Papilla
-
30 Minutes obstructed 2.5 2.5 (1/4) 1.3 1.3 (1/4) 2.1 1.1 (1/4)(N = 4) contralateral 0 0 0
2 Hours obstructed 2.5 1.0 (3/4) 2.5 2.5 (1/4) 0.9 0.6 (2/4)(N 4) contralateral 0 0 0.3 0.3 (1/4)
24 Flours obstructed 6.3 3.0 (4/4) 0.6 0.6 (1/4) 6.9 3.6 (4/4)(N = 4) conlralateral 0 0 0.5 0.3 (2/4)
All time periods obstructed 3.8 1.3 (8/12)" 1.5 0.9 (3/12) 3.3 1.4 (7/12)'
(N 12) contralateral 0 0 0.3 0.1_(3/12)
Rats were sacrificed 30 minutes, 2 or 24 hours after the procedure. DNA fragmentation was assessed separately in the outer and inner medulla
adjacent to the fornix and in the papilla. Cortical staining was negative, as was (with the exception of one animal) the central portion of the Outer
medulla. A score of 1.0 represent roughly about 1% of ccli population at this region, stained for nuclear DNA fragmentation. The figures in parenthesis
indicate the numbers of kidneys with positive staining.
P < 0.05 vs. contralateral kidneys (paired Student t-test)
hemodynamic changes, since renal microcirculation was not af- decline follows as obstruction persists. The immediate reduction
fected by uromechanic manipulation of the contralateral kidney. in total renal blood flow in our study probably reflects the abrupt
On the other hand, local production of vasodilators is activated rise in hydrostatic pressure, unlike the studies quoted above where
during acute urinary outflow obstruction, perhaps in response to hydrostatic pressure rises gradually following ureteral ligature. In
altered regional hemoperfusion. As shown by others [20, 27, 28], a few additional experiments we noted a more delayed decline in
intrarenal blood flow transiently increases though a marked flows after ureter ligature, preceded by transient vasodilation.
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The marked reduction in cortical flow during uromechanic manip-
ulation in animals given indomethacin and the abolishment of
rebound vasodilatory responses (Fig. 3B) suggest a role for cycloox-
ygenase metabolites, such as PGE2 [28—31]. The pronounced reduc-
tion in medullary flow during increased intrapelvic pressure in rats
pretreated with L-NAME underscores the important role of nitro-
vasodilation in the maintenance of medullary perfusion.
Precaution is warranted in referring the morphologic conse-
quences discussed below to the hemodynamic findings, since the
functional and morphologic arms of the study differ in the type
and timing of the ureteral intervention. However, the reduction in
medullary flow induced by intrapelvic hypertension appears to be
consistent enough to play a role in the pathophysiology of the
tissue damage observed.
Our morphologic studies suggest that the reduction in blood
flow induced by urinary outflow obstruction has a significant
impact upon medullary integrity. This is in agreement with Solez
et al, who have noted inner and outer medullary necrosis follow-
ing 18-hour unilateral obstruction that was enhanced when both
ureters were ligated [19]. MTALs, susceptible to hypoxic damage
[10], developed limited hypoxic injury after unilateral ureteral
ligature, possibly reflecting continued solute reabsorption in the
face of limited 02 availability in the forniceal zone. Decreased
mTAL metabolic workload, oxygen consumption [32] and glomer-
ular filtration [33] with enhanced solute reabsorption by proximal
tubules [34] may compensate for the decrease in regional oxygen
delivery and limit hypoxic mTAL damage.
Indomethacin consistently increased hypoxic mTAL damage in
obstructed kidneys. The harmful combination of persistent ure-
teral obstruction and the use of NSAIDs is underscored by the
absence of significant outer medullary hypoxic damage in con-
tralateral kidneys (Table 1), and probably results from the com-
bined effects to reduce regional blood flow, and the dis-inhibition
of transport activity [13]. The small additional damage in the inner
stripe, caused by vigorous saline infusion, another common ther-
apeutic measure, may be caused by further increase in intrarenal
hydrostatic pressure and additional reabsorptive workload.
L-NAME and iothalamate, which are known to reduce outer
medullary P°2 [14, 351, when given separately significantly inten-
sified outer medullary hypoxic injury in obstructed kidneys. Their
combination with indomethacin markedly increased hypoxic
mTAL damage during urinary outflow obstruction in the rat
model of acute renal failure (Table 1). In the obstructed kidneys
almost 70% of tubules sustained severe damage, as compared to
about 25% in the contralateral kidneys and some 50% inner stripe
damage in rats not subjected to obstructive injury [12]. The
attenuation of injury at the contralateral kidneys may reflect a yet
undefined mechanism that protects single functioning kidneys [36,
37]. In clinical practice, patients with renal colic are commonly
treated with NSAIDs for pain relief, and occasionally undergo
diagnostic procedures with radiologic contrast agents. This set of
experiments emphasizes the danger of such a combination during
persistent urine outflow obstruction, and raises the possibility that
patients with defective nitrovasodilation (for instance those with
diabetes, hypertension or atherosclerosis [38—40]), may be par-
ticularly susceptible to such maneuvers. Altered nitric oxide
production may underlie their particular susceptibility to develop
papillary necrosis during urinary outflow obstruction and analge-
sic abuse [41].
The predilection of damage to the lateral aspects of the outer
medulla near the fornix has previously been described in the rat
[18] and in the polycacyceal pig kidney [42]. Control obstructed
kidneys revealed moderate hypoxic mTAL damage and nuclear
DNA fragmentation at this site, and in rats subjected to the ARF
protocol this region was infarcted. The lateral aspects of the inner
stripe lies adjacent to the fornix and extend into the secondary
pyramids. In this region tubules and vasa recta descend from the
cortical tissue at an extreme angle, are elongated and have a
curvilinear shape that turn around the fornix. Unlike the short
straight vasa recta in the mid-portion of the outer medulla, these
vessels may be especially susceptible to compression and impinge-
ment by the expanding urinary space at the fornix during urine
outflow obstruction. This in turn could lead to hypoxic damage
that may increase over time, converting physiologic pyelorenal
backflow into a pathologic one [43—45].
While indomethacin amplified outer medullary damage at the
fornix area, inner stripe injury and papillary necrosis, produced by
urine outflow obstruction, were somewhat attenuated (Table 1).
Since indomethacin reduces urine generation and diminishes the
rise in intrapelvic pressure during urinary obstruction [28—3 1], it is
conceivable that damage to these structures results primarily from
direct hydromechanical forces, with altered regional hemoperfu-
sion and pressure necrosis. The restoration of papillary damage in
indomethacin-treated obstructed kidneys by forced hydration
supports this concept. Thus, the inherent medullary vulnerability
to damage during persistent urinary outflow obstruction may
reflect direct pressure-related tissue damage at the inner medulla
and papilla, and outer medullary hypoxic injury at the fornix area
due to distortion and impingement of regional microcirculation by
the hydromechanic forces. The clinical implication of the conflict-
ing effects of indomethacin upon renal parenchymal integrity
during ureteral obstruction at the outer and inner medullary levels
warrants further evaluation.
Radiocontrast agents, unlike indomethacin, enhance medullary
blood flow [12], but negatively affect outer medullary oxygenation
[14], probably as a result of increased regional oxygen consump-
tion. Thus, urinary obstruction, by reducing medullary blood flow
may amplify radiocontrast-induced outer medullary hypoxic in-
jury. Indeed, our findings show that radiocontrast agents may also
intensify inner medullary and papillary damage in obstructed
kidneys. In this situation, increased intrapelvic pressure by os-
motic diuresis may be a contributing factor as well.
Histochemical detection of DNA fragmentation has been sug-
gested to reflect early programmed cell death (apoptosis) [25], but
concern has been expressed that it may serve as a non-specific
indicator of cell injury. DNA fragmentation has recently been
detected shortly following hypoxic insult to the outer medulla,
both in vitro and in vivo, selectively affecting mTALs [24], but not
in proximal tubules injured during renal ischemia-reflow. Good
anatomic and chronological correlation between the in situ stain
for DNA nicks and morphologic evaluation in the present series
indicates that the TUNEL assay for DNA fragmentation may be
a reliable early indicator of tissue injury along distal tubules.
In conclusion, acute ureteral obstruction in the rat compro-
mises medullary integrity by diminishing blood flow. NSAIDs,
forced hydration and contrast studies during persistent renal colic
are potentially harmful to outer medullary integrity. The implica-
tion of our findings in rats upon the management of ureteral
obstruction in humans should be regarded with caution, consid-
ering the anatomical differences between kidneys of both species.
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However, the clinical therapeutic and diagnostic use of these
interventions during renal colic should be reevaluated.
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